Introduction
The surface oxide layer on semiconductor surfaces continues to attract considerable research effort. The recent applications in opto-electronics and microwave devices have drawn increasing attention towards InP. The oxide thermally grown on InP has been widely studied in an attempt to use it as an insulating material for the InP surface(l-7), as has been successfully accomplished for SiO 2 films on silicon. The chemical composition of the oxide has been found(5,7) to be both complicated and process dependent.
Although some ques -ions still remain, it is generally accepted that the oxide grown at low temperature(T < 600 0 C) is composed of two layers of differing chemical composition: an In-rich outer layer of a mixture of In 2 0 3 and InPO 4 and an inner layer of predominantly InPO 4 (8, 9) . Recently, spectroscopic ellipsometry has been applied (9, 10) to examine the dielectric response of the InP thermal oxide, and the dielectric function in the energy range 2-5 eV for the oxide thermally grown at several temperatures has been reported.
Traditionally, the electric double layer formed at the solid aqueous solution interface has been studied using capacitance voltage measurements, potentiometric titrations, and microelectrophoresis methods(ll).
There are several investigations of the specific ion adsorption and the electric double layer using ellipsometric techniques (12, 13) . Several studies have focused on crystalline and amorphous SiO 2 immersed in an aqueous solution (14, 15 In this paper, we report an ex-situ ellipsometric study of the etch of an InP oxide thermally grown at 440 0 C by a dilute aqueous HF solution. We show clear evidence for a two-layer structure for the oxide, and values for refractive indices for the outer and inner layer of the oxide at the wavelength of 632.8nm have been determined using a two-film optical model. We also describe an insitu observation of the same etching system. A liquid layer, which has a different optical response than the bulk solution, has been found to be present at the oxide-solution interface during the oxide etching, and a microscopic model based on the Lorentz-Lorenz relation has been used to describe the liquid layer. In addition,
we report the observation of an electric double layer at the solution-oxide interface which forms when the outer oxide layer is removed.
Experimental Procedures
N-type undoped (1 0 0) InP (n<1.OxO11 6 cm' 3 ) wafers were cut into 1x1 cm2 samples. The samples were ultrasonically degreased in boiling trichloroethylene for 10 minutes, followed by a sequence of acetone, deionized water(d. i. water) rinse. After being dipped in a concentrated aqueous HF solution for 15 seconds, rinsed in d. i.
water, and dried in N 2 gas, the samples were loaded onto a fused silica boat. Then, the boat was placed in the end cap of the oxidation furnace for further drying, pushed into the hot zone for a 15 minute pre-oxidation annealing at 440 0 C in a N 2 atmosphere, oxidized in 1 atm 02 at 440 0 C for 4 hours, and annealed in N 2 at the same temperature for 15 minutes.
A commercially available manual ellipsometer automated in our laboratory and shown in Fig. 1 consists of a HeNe laser, the light source, a quartz Rochon polarizer, a three-dimensionally adjustable sample stage, an autocollimating and alignment telescope(ACAT), a rotating analyzer, and a signal detection system. The ACAT is used for aligning the ellipsometer itself and samples to be measured.
A Glan Tayor polarizing prism that is mounted on a hollow motordriven shaft serves as the rotating analyzer. With a conventional analyzer in the position of the rotating analyzer, the ellipsometer and its optical components were aligned and calibrated as previously described (18) . Then, the conventional analyzer was removed from the bench, and the rotating analyzer installed. The bench was set in a straight through(180 0 ) position and a series of measurements were carried out, and the offset correction for the rotating analyzer was determined from these measurements. Then, the incident angle was set to 70.000 for all the ellipsometry measurements.
The etchant used in both ex-situ and in-situ measurements was 1:500 HF(49%):H 2 0 solution. For the ex-situ measurements, the samples were dipped in the etchant for a certain time, rinsed in d.
i. water, and blown dry by N 2 gas. Prior to an ellipsometric measurement, the sample was placed into a slot on the sample stage so that the same surface spot could be probed for the successive measurements, and the sample alignment was checked and adjusted if necessary. This process was repeated, with the etching times and ellipsometric parameters recorded.
The in-situ measurement first requires the alignment of the solution cell. An sample was affixed with wax to a fused silica flat inside the cell, which was mounted on the adjustable stage.
With both windows absent, the sample was aligned (19) . Then, with the windows in place, the cell was filled with d. i. water, and the entrance window was aligned by adj,"sting the reflected beam from the window to coincide with the incident beam, and then the exit window was aligned independently. The first measurements after alignment were carrieu out in d. i. water to insure correct alignment, and then the dilute HF solution was rapidly introduced into the cell through the inlet while the water drained through the outlet. During the entire experiment, fresh HF solution was circulated into the cell at a rate of 7-9 ml/min. At the end of the experiment, the cell was drained, thoroughly washed with d. i.
water, dried by N 2 gas, and several ellipsometric measurements were carried out in the air ambient.
Results and Discussion
A four phase model consisting of ideal optically isotropic and homogeneous phases: semi-infinite ambient -film 1 -film 2 -substrate, has been used in the ellipsometric data analysis for both ex-situ and in-situ experiments (20) . For this optical system, there are three interfaces for reflection and two homogeneous and isotropic transmission layers involved. The measured refractive index can be related to the microscopic properties of molecules and ions which constitute the optical system by the Lorentz Lorenz euation (21) . For a single component system, the equation can be expressed as:
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where a' is the polarizability for a molecule or an ion, 1 is the density, and Mm and NA are molecular weight and Avogadro's constant, respectively. With the assumption that the microscopic properties are additive, and for an isotropic and homogeneous phase consisting of m non-interacting components, the overall optical properties can be obtained in terms of the optical properties of the individual components (22):
where -1i and a, are the volume fraction and polarizability for the ith component, respectively, and N is the refractive inaex.
Ex-Situ Ellipsometry Studies
If the InP thermal oxide is treated as one homogeneous film,
i.e. L, = 0, the film thickness ( It should be understood that single wavelength ellipsometry has restrictions in the modeling of an optical system (26) . First, the dielectric response of the system may not be maximized at the wavelength 632.8 nm, hence the sensitivity may not be optimum.
Secondly, by fitting a single measured point rather than a set of points, as would be the case for spectroscopic ellipsometry, the measurement errors can propagate through the modeling to the final result. As a consequence, the modeling can only be considered to have qualitative significance. However, knowledge gained about the sample before and after the in-situ etching has been used in the modeling, and we show that much of the ambiguity associated wit single wavelength ellipsometry can be eliminated.
From the ex-situ etching experiment above, we know that the etching of the outer layer of the oxide proceeded relatively fast. (27) .
We found no reference for the polarizability value of InF 3 , so it was treated as a parameter. For these specific calculations, 4.4
x 10 . 24 cm 3 has been used, and it was found that the numerical value did not qualitatively affect the calculations. Relative to the total amount of the P and In species formed, the percentage of the moleculars remaining in the boundary has also been calculated.
Similar treatments have been carried out for several other points and summarized in Table 1 The liquid layer starts to shrink slowly and then at a linear rate.
After 20 minutes, as shown in Fig. 7b , the liquid layer thickness drops at a higher rate. The linear decrease of the thickness from 10 to 20 minutes can be described by:
where L is the thickness of the liquid layer in nanometers, and t is the etching time in minutes. Equation (4) also represents the rate at which the etch products diffuse out of the surface region.
So far, we have modeled the in-situ ellipsometric data for HF etching InP oxide and established a simple physical picture for the complex etching system. If we keep a constant refractive index for the liquid layer, 1.34 in this case, vary the thicknesses according to equation (4), and use the same inner oxide layer as described above and the two film model, the T andA can be obtained, in Fig.   8 , curve b. The calculated data for a two layer oxide in H 2 0 of 
Conclusions
The InP oxide surface reaction with a dilute HF solution has been studied by both ex-situ and in-situ ellipsometric techniques. The insert shows the two layer structure for the oxide. 
